INTRODUCTION
The investigation of structures concerning their susceptibility to progressive collapse has attracted increased attention in the last decade. The topic is still largely a field of research at present. Neither is there a uniform theory of progressive collapse and collapse resistance, nor exists agreement about the used terms.
Enhancing collapse resistance -the short form for resistance against progressive collapse -is the overall design goal in progressive collapse design. According to [Starossek 2006 [Starossek , 2009 collapse resistance is defined as the insensitivity of a structure to accidental circumstances, that is, to unforeseeable and low-probability events. Accidental circumstances and their possible effects on the structure as well as insensitivity must be defined and quantified by design objectives. Collapse resistance is a property that depends on both local and global structural features as well as possible causes of initial failure (accidental circumstances). Collapse resistance can be addressed by event control, protection, local resistance or structural robustness [Haberland and Starossek 2009] .
Structural robustness is defined as insensitivity of a structure to local failure [Starossek 2006 [Starossek , 2009 . According to this definition, structural robustness is a purely structural property; causes and probability of local failure and thus also the nature, extent, and probability of triggering accidental circumstances are immaterial. It can be enhanced by the design methods bridging and segmentation [Haberland and Starossek 2009] . To describe a structure as robust is only of value if the underlying design objectives (see following section) are also known.
To examine a structure in terms of its robustness, a quantitative description by means of a measure would be useful. The measure should quantify the structure's robustness with one single value. It should express how and to what extent design objectives are influenced by local failures.
This work recapitulates the basics for the development of measures to quantify structural robustness proposed by [Starossek and Haberland 2008] . Evaluation, comparison, optimisation and regulation of structural robustness has been identified as applications of measures of robustness. To achieve these tasks, some requirements must be met; the measure must be expressive, objective, simple and calculable.
A variety of approaches to the formulation of measures of robustness or related characteristics have been proposed. These approaches are shortly classified regarding their methodology and evaluated regarding the proposed requirements. A selection of simple formulations of stiffness, damage or energy-based measures of robustness developed by the authors are presented in detail and discussed regarding the proposed requirements and applications. The scope of this work is the proposal and illustration of basics for the development of measures. It is not the scope to propose a usable measure.
PRAGMATIC APPROACH FOR DESIGNING AGAINST PROGRESSIVE COLLAPSE
Before focussing on measures of robustness, a pragmatic approach for designing against progressive collapse proposed by [Starossek 2007 [Starossek , 2009 ] is shortly presented. The proposed approach enables the engineer to adequately address progressive collapse during the design process. On the one hand, the design procedures of current design codes are retained. On the other hand, an additional assessment with respect to progressive collapse is carried out and corresponding measures are taken. The procedure is further described in the following.
In the assessment and the design of a structure with respect to progressive collapse, some design criteria are of importance. These include requirements, design objectives, design strategies and verification procedures.
The first step of this approach is the determination of requirements, that is, in particular answering the question of whether collapse resistance is necessary. The necessity depends on the significance of the structure with respect to the consequences of a collapse, and on the degree of exposure of the structure to accidental circumstances. In addition to answering this question, the significance and exposure of a structure can serve to establish a classification of structures. This classification could be used to decide about the used design objectives and design methods within the design process.
If collapse resistance is deemed necessary, design objectives composed of hazard scenarios and performance objectives must be specified as a second step. These design objectives serve as the basis for the design. Hazard scenarios encompass the specific assumptions to the hazards on the structure; these are, for example, assumable accidental circumstances or assumable cases of initial local failure. Performance objectives encompass specific assumptions to the desired structural behaviour, for example, acceptable extent of collapse or acceptable extent of damage to the non-collapsed remaining structure. The selection of design objectives can only be done on a project-related basis. It is difficult to generalise and to codify and, therefore, requires professional competence and experience.
As a third step, the engineer should select appropriate design methods from a set of design strategies and methods that are mentioned in the literature to ensure collapse resistance [Haberland and Starossek 2009; Starossek 2009 ]. The adequacy of particular design methods depends on the design objectives, and on the type of structure and its alignment in space. The assessment of the collapse resistance of a structure requires suitable verification procedures. This is the last step of this approach. The structure is to be examined by these procedures with respect to the specified design objectives and chosen design methods.
This pragmatic approach is recapitulated particularly with regard to design objectives, which are of special significance in connection with measures of robustness.
REQUIREMENTS AND APPLICATIONS
A measure of robustness could be used for evaluation, comparison, optimisation and regulation of the robustness of a structure [Starossek and Haberland 2008] . By using quantitative measures, the significance of specific damage scenarios can be monitored and critical elements identified. Different structural arrangements can be compared if the robustness of a structure can be quantified unequivocally, and knowing the quantitative value of robustness allows for the optimisation of the design. In order to regulate robustness, quantification is required. Minimum values of robustness can be defined in standards and design guidelines generally or according to the type of structure and depending on the significance and exposure of the building. The validity and usefulness of a measure of robustness is linked to a series of general requirements. To achieve the above outlined tasks, the measure must be expressive, objective, simple and calculable [Starossek and Haberland 2008] . (i) Expressiveness: The measure should express all aspects of robustness but no other aspects. It should allow for a clear differentiation between robust and non-robust structures. (ii) Objectivity: The measure should be independent of user's decisions. The result for the measure should be reproducible under the same conditions. (iii) Simplicity: The definition of the measure should be as simple as possible. (iv) Calculability: It should be possible to derive the measure from the attributes or the behaviour of the structure. All necessary input parameters must be quantifiable. The numerical calculation of the measure should not require excessive effort and should be sufficiently accurate. The benefit of a measure decreases as the complexity of its calculation increases.
These requirements and applications are shown in Figure 1 . As structural robustness is a property of the structural system, the measure must account for the structure as a whole; separate measures for different components of a structure are not acceptable.
A measure doesn't have to be generally applicable to arbitrary structures. As discussed in [Starossek 2006 [Starossek , 2009 , different types of structures tend towards different types of collapse. The development of an all-encompassing measure seems difficult. For practical applications, specialised measures of robustness that are specific to the controlling collapse mechanism seems favourably. The development of measures of robustness can only be successful if the mechanisms of progressive collapse are better understood.
PRESENT APPROACHES TO MEASURES
At present, there exists neither a uniform theory of progressive collapse or robustness, nor exists agreement about the used terms. Thus various approaches for quantifying robustness or related characteristics have been proposed. In principle, measures based on structural behaviour and those based on structural attributes can be distinguished [Starossek and Haberland 2008] . Further distinction can be made between measures based on the assumption of an initial damage and the investigation of the resulting effects and those based on the identification of a collapse sequence.
Measures based on the structural behaviour (also called behaviour-based measures) are often derived from the response of a structure to an assumed initial local failure. They generally require geometric and material non-linear dynamic calculations for a realistic assessment of the structural behaviour. Separation and impact processes are also possible. Depending on the type of structure and the controlling collapse mechanism, the necessary calculations here could become too complicated or require too much effort for practical purposes, and thus affecting the calculability. As a result, simplified analysis methods are used, and thus, in turn, affecting the expressiveness of the measure. Measures based on the structural attributes (also called attributebased measures) will be understood as measures that approximate the structural behaviour based on structural attributes -for example the system stiffness matrix -without performing the above described complex structural calculations.
Measures based on structural behaviour often seem to be expressive but cannot be realistically calculated because of the extensive structural analyses that are required. On the other hand, measures that are based on structural attributes proposed so far are usually easier to calculate while their expressiveness is not yet adequate.
A detailed comparison [Haberland 2007] indicates that the approaches to measures suggested up to now fulfil the requirements presented above to different degrees, whereby none approach has shown itself to be clearly superior. To illustrate the requirements, three formulations for robustness measures are introduced by way of example in the following [Starossek 2009 ].
STIFFNESS-BASED MEASURE OF ROBUSTNESS
A simply defined and easy to calculate measure of robustness is derived by examining the static system stiffness:
where s R stiffness-based robustness measure 0 K active system stiffness matrix of the intact structure j K active system stiffness matrix of the structure after removal of a structural element or a connection j
As further examinations show, this expression is still to be normalised in order to achieve a manageable and demonstrative measure having a value range between zero and one [Haberland 2007] . Here the value of one represents maximum robustness and the value of zero represents a complete lack of robustness. Verification was carried out by using a comparison with load capacity calculations for simple frame structures. It was shown that the reduction in load capacity after the loss of structural elements and the assigned measure demonstrate a relatively low correlation, which means that the expressiveness of the stiffness-based robustness measure is not yet sufficient, at least not in its current form. However, considering the advantages posed by the high degree of simplicity and the ease of calculation, it seems worthwhile to further pursue the estimation of robustness using matrix formulations of other structural attributes (e.g. strength, utilisation, ductility, mass distribution).
s R

DAMAGE-BASED MEASURE OF ROBUSTNESS
This is an approach which is based on a quantification of the damage progression caused by initial damage; it therefore closely follows the proposed definition of robustness mentioned in the introduction. As a result, in contrast to the measure of robustness presented in the previous section, adequate expressiveness can be easily assured. A possible formulation is based on the complement of the referenced damage progression: This measure refers directly to the design objectives assumable cases of initial local failure and acceptable extent of collapse (see above). Therefore, it can be used as a design and verification tool in terms of reaching these objectives. The value one corresponds to optimal robustness. The design objectives will be more or less reached with values between one and zero, for negative values they will not. For the necessary quantification of the extent of damages, the corresponding masses, volumes, floor areas (in buildings) or even costs can be used. The applied design objectives should be determined beforehand through a decision-making process. They cannot be further justified by recourse to basic scientific principles. The dependence of the assumable cases of initial local failure can be removed by using an integral measure:
integral damage-based robustness measure
maximum extent of total damage caused by and including the initial damage i, based on the corresponding comparative value of the intact building i extent of initial damage also based on the intact building
The total damages as a function of the initial damage can only adopt values within the grayshaded area above the line 0
in Figure 2 . The value will therefore be between int , d zero and one, whereas a value of one corresponds to perfect robustness and the value zero represents a total lack thereof. Figure 2 shows three possible scenarios of damage progression . Curve A describes a non-robust building; even small initial damage leads to extensive overall damage. Curve B belongs to a relatively robust structure; significant damage progression only occurs with large initial damages. Curve C also describes a not very robust structure in the sense that even small initial damages cause a noticeable damage progression.
The robustness values of curves B and C will have the same order of magnitude, since is defined by the area surrounded by the lines and i. The relatively higher significance of small initial damages is therefore not adequately considered which puts into question the practical expressiveness of this robustness measure. This problem can be addressed by weighting the initial damages in connection with a re-normalisation of the measure to the value range zero to one. Modified definitions for damage-based robustness measures are introduced and compared in [Haberland 2007] .
The requirements for expressiveness and simplicity can be met with these types of approaches. It is more difficult to answer the question regarding calculability. An investigation of damage progression generally requires dynamic calculations in the time-domain, taking into account geometric and material non-linearity, where separation and impact events also occur. The initial damage is not to be modelled by the simple static removal of a specific structural component but rather as a failure process including the dynamic responses induced by its removal. Depending on the type of structure and the controlling collapse mechanism, the required calculations may either become too unwieldy or require too much effort for practical purposes.
ENERGY-BASED MEASURE OF ROBUSTNESS
As the above discussion shows, the stiffness or damage-based robustness measures in the introduced formulations are either easy to calculate or expressive. Energy-based approaches may be suitable to fulfil both requirements equally. A possible formulation is based on the comparison between the energy released by the initial failure and the energy required for a collapse progression: Equation (4) has a simple form and also appears to be expressive in respect to the possibility of a total collapse. However, the determination of parameter presents a difficulty as it can be both under and over estimated. The energy released by the initial failure of the structural element is composed of several parts. For structures that have a tendency for a pancake-like or domino-like collapse, a large or even dominant portion of the energy will be kinetic energy converted from the potential energy of the collapsing structural elements. In such cases it is easy to carry out a numerical estimate. For structures that tend towards other types of collapse, the value can only be determined through a comprehensive structural analysis. Furthermore, should only take into account that portion of energy that contributes to the damage of the next structural element k. This requirement is most easily met with structures that have a tendency towards a pancake-like or domino-like collapse. The separation and impact events which control the mechanism here occur discretely and in a concentrated manner so that the re-use of the released energy can also occur in a concentrated manner without large losses, and thus be easily calculable. Overall, it can be stated that such structures are most likely suitable for an application of energy-based robustness measures rather than anything else.
In the simple form as per (4) the measure is expressive only for structures for which the failure of the next element k is synonymous with a total collapse. This applies especially to structures for which the elements j and k are similar, and which are composed entirely of such elements. Examples are power lines -the elements are the individual power poles -and skyscrapers -the elements could be the sum of all vertical structural elements of each individual floor level.
The expression also presumes that the energy of the triggering event is completely absorbed by the damage of the initially failing component, or that at least the excess energy does not contribute to the damage of the next element. Modified energy-based robustness measures are presented in [Haberland 2007 ].
CONCLUSIONS
To examine a structure in terms of its robustness -defined as insensitivity of a structure to local failure -, a quantitative description of the robustness by means of a measure would be useful. The basics for the development of measures to quantify structural robustness were recapitulated. Evaluation, comparison, optimisation and regulation of structural robustness were identified as applications of measures of robustness. To achieve these tasks, some requirements must be met; the measure must be expressive, objective, simple and calculable.
Various approaches to the formulation of measures of robustness or related characteristics have been proposed. These approaches are shortly classified into behaviour-based and attributebased measures; advantages and disadvantages are mentioned.
Three approaches of simple formulations of measures to quantify structural robustness based on damage, energy and the stiffness matrix developed by the authors are introduced. Closely related to the definition of robustness, a first measure is suggested as the complement of the referenced damage progression (damage progression due to local initial damage related to a limit value specified by design objectives). The extension of this measure defined by an integral, which considers the damage progression after varying degrees of initial damages, offers a more comprehensive insight into the structural behaviour. A second formulation is based on the stiffness matrix and describes the structural robustness using a ratio of the system structural stiffness (determinant of the system stiffness matrix) of the damaged to that of the undamaged structural state. The comparison of the energy released by an initial failure with the energy required for a collapse progression leads to a third measure.
The scope of this work is the proposal and illustration of basics for the development of measures. It is not the scope to propose a usable measure. The above summarised measures are presented as examples to illustrate the proposed requirements and applications.
The investigation indicates that the suggested approaches fulfil the requirements to different degrees and that the requirements are partly in conflict with each other, so it may not be possible to fulfil them all to the same level at the same time. Measures based on structural behaviour often seem to be expressive but can hardly be calculated because of the extensive structural analyses that are required. On the other hand, measures that are based on structural attributes are usually easier to calculate while their expressiveness is not yet adequate. Different types of structure have a tendency for different types of collapse, which can be described favourably by specifically defined measures for practical purposes.
